Ritonavir is a HIV protease inhibitor routinely prescribed to HIV patients that also potently inactivates cytochrome P4503A4 (CYP3A4), the major human drug-metabolizing enzyme. By inhibiting CYP3A4, ritonavir increases plasma concentrations of other anti-HIV drugs oxidized by CYP3A4 thereby improving clinical efficacy. Despite the importance and wide use of ritonavir in anti-HIV therapy, the precise mechanism of CYP3A4 inhibition remains unclear. The available data are inconsistent and suggest that ritonavir acts as a mechanism-based, competitive or mixed competitivenoncompetitive CYP3A4 inactivator. To resolve this controversy and gain functional and structural insights into the mechanism of CYP3A4 inhibition, we investigated the ritonavir binding reaction by kinetic and equilibrium analysis, elucidated how the drug affects redox properties of the hemoprotein, and determined the 2.0 Å X-ray structure of the CYP3A4-ritonavir complex. Our results show that ritonavir is a type II ligand that perfectly fits into the CYP3A4 active site cavity and irreversibly binds to the heme iron via the thiazole nitrogen, which decreases the redox potential of the protein and precludes its reduction with the redox partner, cytochrome P450 reductase.
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crystal structure | cytochrome P450 | inhibitor C ytochromes P450 are a superfamily of hemoproteins that play a central role in the metabolism of endogenous compounds and xenobiotics (1) . Cytochrome P4503A4 (CYP3A4) is the most abundant human isoform that metabolizes over one-half of clinically used drugs (2) . Although catalytically selective, CYP3A4 has a broad capacity for oxidative metabolism and can accommodate a variety of structurally diverse substrates. With some compounds, CYP3A4 displays homo-and heterotropic cooperativity, thought to play an important role in drug-drug interactions in vivo (3) . These unique enzymatic properties of CYP3A4 have implications for drug development and therapy.
One of the areas significantly affected by the CYP3A4-dependent oxidative transformations is the development of anti-HIV drugs. The key components of highly active antiretroviral therapy are HIV protease inhibitors that act both as substrates and inhibitors of CYP3A4. One of these, ritonavir ( Fig. 1) , is the most potent CYP3A4 inhibitor known to date. Coadministration of ritonavir with other anti-HIV drugs biotransformed by CYP3A4 enhances pharmacokinetics and improves clinical efficacy (4) .
Ritonavir is primarily metabolized by the CYP3A subfamily (5, 6) through N-demethylation, hydroxylation of the isopropyl side chain, and oxidation and cleavage of the terminal isopropylthiazole group (7) . Characteristic features of ritonavir metabolism by microsomal and recombinant CYP3A4 are low K M (20 and 0.1-0.5 μM, respectively (5, 7)) and a nonlinear reaction course (7) . This kinetic behavior, as well as increased inhibitory potency of ritonavir after preincubation with microsomes suggest that the drug is a mechanism-based inhibitor which converts into a reactive intermediate upon oxidation and selectively inactivates CYP3A4 by irreversibly attaching to the heme and/or active site amino acid residues (7, 8) . The reactive intermediate(s) was proposed to involve the isopropyl-thiazole end-group (7), strictly required for potent CYP3A4 inhibition (9) . Further, a noncovalent inhibitory complex, also known as a metabolic intermediate complex (MIC) (10) , was reported to form during incubation of ritonavir with insect microsomes containing recombinantly expressed human CYP3A4 and cytochrome b 5 (11) . Other studies indicated, however, that ritonavir acts as a competitive (12) or mixed competitive-noncompetitive CYP3A4 inactivator (5, 13, 14) . Thus, despite the importance and wide use of ritonavir in anti-HIV therapy, the precise action of the drug remains unclear.
In an attempt to resolve the contradictions and gain functional and structural insights into the mechanism of CYP3A4 inhibition, we investigated the kinetics and equilibrium binding of ritonavir to recombinant human CYP3A4Δ3-24, analyzed how the drug affects redox properties of the hemoprotein, and solved the X-ray structure of the CYP3A4-ritonavir complex.
Results and Discussion
Ritonavir Is a Type II Heme Ligand. Soluble human CYP3A4Δ3-24 catalyzes monooxygenation reactions similar to the full-length native enzyme (2) . Upon addition to this form of the hemoprotein, ritonavir induces characteristic spectral changes accompanied by the Soret and α-band shifts from 416 to 421 nm and 532 to 537 nm, respectively, and a decrease in the amplitude of the β-band (Fig. 2) . These spectral perturbations are indicative of displacement of water as a sixth ligand and direct coordination of the heme iron to a nitrogen atom (type II ligand binding (15) ). Reduction of the ritonavir-bound species with sodium dithionite leads to the appearance of a 442 nm peak and pronounced, well defined α-and β-bands at 537 and 565 nm, respectively. The red-shifted absorption maximum of the ferrous ritonavir-bound CYP3A4 resembles that observed for the metyrapone-bound cytochrome P450cam and may be attributed to the σ-donor nitrogen ligation to the heme iron (16) . Given that the thiazole and isopropyl-thiazole groups of ritonavir are strictly required for potent inhibition (9) , and ketoconazole, another type II inhibitor of CYP3A4, binds to the heme iron via the imidazole nitrogen (17) , it can be concluded based on the spectral data that the thiazole nitrogen of ritonavir is the likely iron ligand in both ferric and ferrous CYP3A4.
Ritonavir Binds to CYP3A4 Stoichiometrically and Irreversibly. Affinity and stoichiometry of ritonavir binding to various CYP3A4 forms were determined spectroscopically by equilibrium titrations (Fig. 3, Table 1 ). According to the spectral data, ritonavir binds stoichiometrically and very tightly to both ferric and ferrous CYP3A4 (spectral dissociation constant (K s ) of 51 and 45 nM, respectively). Furthermore, the drug can easily replace type I ligands, even when they are present in a large excess (Fig. S1 ). The binding affinity of ritonavir for bromoergocryptine (BEC)-and androstenedione-bound CYP3A4, for instance, is as high as for the substrate-free hemoprotein (K s of 50 and 19 nM, respectively). The K s values obtained in this study agree well with the inhibition constant (K i ) of ritonavir for the CYP3A4-dependent metabolism of methadone, buprenorphine, and testosterone in human liver microsomes (20-50 nM (12, 13) ). For other reactions catalyzed by microsomal CYP3A4, the K i for ritonavir varies from 0.10 to 0.38 μM (11, 14, 18) .
To test whether ritonavir binding is reversible, the inhibitorbound protein was passed through desalting or gel filtration columns and dialyzed against or repeatedly concentrated/diluted with a ritonavir-free buffer. Under all conditions tested, no dissociation of the CYP3A4-ritonavir complex has been observed. Ritonavir thus is a very high affinity type II ligand that binds to CYP3A4 irreversibly.
Kinetics of Ritonavir Ligation Suggests Multiple Binding Modes. To gain further insight into the mechanism of the CYP3A4-ritonavir interaction, we measured the kinetics of inhibitor binding to ferric and ferrous P450 by monitoring absorbance changes at 426 and 442 nm, respectively, using stopped flow spectrophotometry (Fig. 4 A-D) . Kinetic analyses show that the CYP3A4-ritonavir binding reaction is biphasic, with approximately equal amounts of the hemoprotein reacting with the ligand in each phase. The limiting rate constants for the fast and slow phases of the reactions involving ferric and ferrous CYP3A4 are similar and approach 1.4 and 0.2 s −1 , respectively (Table 1) . Kinetic dissociation constants (K d ) estimated from the fits to the plots of k obs vs. ritonavir concentration are also in the same range but almost 20-fold higher than the respective K s values (0.84 and 0.94 μM, respectively). Furthermore, no substantial deviations in the kinetic parameters were observed in the presence of BEC (Fig. 4 E, F and Table 1 ). Again, these data demonstrate that ritonavir can easily displace type I ligands from the CYP3A4 active site.
The biphasic nature of the ritonavir binding reaction and a large difference between the equilibrium and kinetic dissociation constants indicate that association of ritonavir with CYP3A4 is a complex process that may be affected by both ligand-protein and protein-protein interactions. Having an elongated shape ( Fig. 1) , ritonavir can enter the CYP3A4 active site with either the thiazole or isopropyl-thiazole end oriented toward the heme. Because CYP3A4 mediates hydroxylation of the latter group (7), the isopropyl-thiazole nitrogen is unlikely to serve as a heme ligand. Thus, when ritonavir docks to CYP3A4 with the isopropylthiazole head on, a positional/conformational rearrangement must take place within the active site cavity to bring the opposite thiazole moiety in the vicinity of the heme iron or the drug has to dissociate and reenter the active site in a different orientation. Either of these events could lead to an appearance of a slow phase in the CYP3A4-ritonavir binding reaction. Alternatively, the biphasic kinetics could arise from the conformational heterogeneity of CYP3A4. Although the ligand-free and ritonavirbound forms of CYP3A4 elute as monomers during gel filtration, the unligated protein has a wider elution profile and, hence, is more heterogeneous (Fig. S2) . Formation of weakly associating CYP3A4 oligomers (19) and the existence of peripheral binding , and 2 μM ferric BEC-bound CYP3A4 (C) were recorded as described in Materials and Methods. Absorbance changes in ferric, ferrous, and ferric BEC-bound CYP3A4 were plotted against the ritonavir concentration (D, E, and F, respectively). The derived K s values are listed in Table 1. site(s) (20) are other factors that could modulate access and docking orientation of ritonavir and complicate the binding kinetics.
Ritonavir Lowers the CYP3A4 Redox Potential and Precludes Reduction by CPR. By displacing the coordinated water molecule, type I substrates elevate the P450 redox potential and promote electron transfer from cytochrome P450 reductase (CPR), whereas type II ligands bind to the heme iron stronger than water and lower the protein redox potential, thereby disfavoring reduction by CPR and inhibiting P450 turnover (15, 21) . To confirm that these general rules apply to ritonavir, we investigated how the drug affects the redox properties of CYP3A4 (Fig. S3) . The estimated E o;7 values for ligand-free and androstenedione-bound CYP3A4 are −330 and −277 mV, respectively, close to those reported for the full-length CYP3A4 and other microsomal P450s (22, 23) . The ritonavir-bound hemoprotein has E o;7 of −350 mV, which is ∼80 mV lower than the redox potential of the Flavin mononucleotide (FMN) hydroquinone/semiquinone couple in CPR (−269 mV (24)), the redox species delivering electrons to P450. Owing to the large ΔE o , reduction of ritonavir-bound CYP3A4 by CPR is thermodynamically unfavorable.
That NADPH consumption in the CPR-CYP3A4 reconstituted system is not affected by ritonavir but notably increased in the presence of androstenedione (Fig. S4) is one indication that CYP3A4 does not metabolize ritonavir. To further demonstrate that ritonavir prevents reduction of CYP3A4 by CPR, NADPH and catalytic amounts of CPR were added to anaerobic solutions of ligand-free, androstenedione-or ritonavir-bound CYP3A4, and spectral changes in the 350-700 nm region were monitored over time. As expected (Fig. 5) , androstenedionebound CYP3A4 (>90% high spin) was capable of receiving electrons from CPR and converted to a fully reduced form within several minutes. In contrast, the ligand-free and ritonavir-bound hemoproteins remained fully oxidized during the monitored period of time. Because CPR-mediated reduction of full-length ligand-free CYP3A4 takes place in the presence of CO (25, 26), we followed the ferrous P450-CO complex formation to confirm that the N-terminal truncation has no significant effect on the redox properties of CYP3A4. In the presence of CO, known to elevate the P450 redox potential and promote heme reduction (27) , both androstenedione-bound and ligand-free CYP3A4 were able to accept electrons from CPR (Fig. 5 A, B) . Reduction of unligated CYP3A4, however, proceeded somewhat slower and, judging from the appearance of the 420 nm peak, led to partial inactivation of CYP3A4. Within the same time period, only negligible amounts of the CO-adduct were formed by the ritonavirbound protein (Fig. 5C ). Such drastic differences corroborate the notion that the redox function of CYP3A4 and P450s, in general, is controlled by the substrate-induced spin state/redox potential change (28, 29) .
In summary of our biochemical findings, we conclude that ritonavir is a type II ligand that can inhibit CYP3A4 turnover not only by replacing substrates in the active site and binding irreversibly to the heme iron but also through changes in the protein redox potential which preclude reduction by CPR.
Crystal Structure of the CYP3A4-Ritonavir Complex. Owing to high homogeneity ( Fig. S2) and stability in solution, ritonavir-bound CYP3A4 readily produces crystals under different conditions in various space groups. The best diffracting crystals belong to space group C2 and contain two P450 molecules per asymmetric unit (Table S1 ). The CYP3A4-ritonavir complex structure was solved by molecular replacement to 2.0 Å, the highest resolution for a ligand-bound CYP3A4 structure reported thus far. Two crystallographically independent P450 molecules are virtually identical, with the rms deviation for the 457 C α atoms of only 0.15 Å. Interactions between the ritonavir-bound monomers in the crystal lattice (Fig. S5 ) resemble those observed for ketoconazoleand erythromycin-bound CYP3A4 (Protein Data Bank (PDB) ID codes 2VOM and 2JOD, respectively).
Previous structural investigations showed that CYP3A4 can bind molecules diverse in size and chemical nature mainly because of its large and malleable active site, the volume and topology of which can be easily adjusted through positional and Table 1 .
conformational changes in the F-G helix/linker region (residues 202-260) serving as a roof, and the N-and C-terminal loops (residues 48-58 and 464-496, respectively) lining the cavity walls (2, 17, 30) . Ritonavir is perfectly molded into the 765 Å 3 active site pocket (the volume is calculated with LIGSITE (31)) and is fully sequestered from solvent (Fig. 6A) . As spectral data predict, the thiazole nitrogen is ligated to the heme, with the N-Fe distance of 2.2 and 2.3 Å in molecules A and B, respectively. One phenyl ring of ritonavir is parallel and 4.0 Å away from the heme plane (Fig. 6B) , making van der Waals contacts with Ile369, Ala370, and Leu373. The second phenyl ring is embedded in a hydrophobic pocket comprised by Phe108, Leu210, Leu211, Phe241, Ile301, and Phe304. The isopropyl-thiazole group is enclosed by the Tyr53, Phe57, Phe213, and Phe215 side chains and connected via a water molecule to the cluster of charged residues (Asp61, Asp76, Arg106, Arg372, and Glu374) that together with Tyr53 form an umbrella-like network isolating the terminal moiety from the solvent (Fig. 6C) . Although ritonavir is sequestered from bulk solvent, several water molecules are present in the active site cavity, six of which are within 4.0 Å of the inhibitor. The water near the isopropyl-thiazole nitrogen is most ordered (B-factor <30 Å
2 ) and, we believe, is functionally important because it connects ritonavir with Glu374, part of the polar "umbrella." This interaction may assist optimal orientation and increase binding affinity of the inhibitor. For comparison, in the erythromycin-CYP3A4 complex, the charge-charge/H-bonding network is broken and the edge of the erythromycin molecule, a low affinity ligand, is solvent exposed (17) . Thus, the manner of ritonavir binding observed in the crystal structure (i.e., perfect spatial fit, sequestering from solvent, extensive hydrophobic enclosure, short N-Fe distance) supports the spectral data and explains why this drug is such a potent CYP3A4 inactivator.
Comparison of the Ritonavir-and Ketoconazole-Bound CYP3A4 Structures. The ritonavir-bound structure is the most and least similar to the ketoconazole-and erythromycin-bound models of CYP3A4, rms deviation between the 453 and 395 C α -carbon atoms of which is 0.63 and 1.34 Å, respectively (Fig. S6) . The major conformational changes induced by ritonavir are observed in the F-G region and the C-terminal loop, confirming once again that these are key elements involved in substrate recognition and binding. Because ritonavir and ketoconazole are both type II ligands, we compared the respective structures in more detail to better understand differences in the mechanism of inhibition. Although the K i values for ritonavir and ketoconazole are comparable (e.g., 0.07 and 0.02 μM, respectively, for the nifedipine oxidation reaction catalyzed by microsomal CYP3A4 (5, 32) ), preincubation of microsomes with ritonavir, but not with ketoconazole, leads to an increase in the inhibitory potency (8) . The most notable difference between the structures is in the F′-G′ helices, positioned further from the main core in ketoconazole-bound CYP3A4 (Fig. S6, B) , which could be due to docking of two ketoconazole molecules in the active site instead of one (17) . The orientation and volume occupied by the antiparallelstacked ketoconazole molecules, however, are strikingly similar to those of ritonavir (Fig. 7A) . Because one head group of ketoconazole extends toward the protein surface, the F′-G′ loop cannot fully block the active site entrance and, as a result, the Phe215 ring is in an "out" conformation, keeping the active site cavity solvent exposed. Even if only one ligated ketoconazole was present, it would still bind less tightly than ritonavir because it would not fit into the pocket as efficiently and establish as many hydrophobic contacts as ritonavir. The binding mode observed in the crystals suggests also that the connection of ketoconazole to the polar "umbrella" may not be as strong (Fig. 7B) . It is therefore remarkable that ritonavir, designed to target the HIV protease, fits into the CYP3A4 cavity more efficiently than ketoconazole, a genuine P450 inactivator. Although the biological relevance of the ketoconazole-bound structure is questionable and remains to be tested, the structural comparison predicts that a compound mimicking the stacked tandem of ketoconazole molecules but with a shorter tail may be a potent CYP3A4 inhibitor as well. Mechanistic Implications. Our biochemical and structural results are not consistent with the currently prevalent concept on the mechanism-based CYP3A4 inhibition by ritonavir. By definition, a metabolism-based inhibitor is a compound chemically converted by the target enzyme into a reactive metabolite that inactivates the enzyme prior to release from the active site (33) . Thus, an O 2 ∕NADPH-dependent catalytic step and formation of a covalent adduct or MIC would be essential for the metabolism-based P450 inhibition. In this study, we demonstrate that ritonavir quickly (within a few seconds at ambient temperatures) and very tightly binds to the CYP3A4 heme iron via the thiazole nitrogen, regardless of the protein redox state and the presence of type I substrates. In this orientation, CYP3A4 cannot oxidize ritonavir because its redox potential is too low to allow reduction by CPR. However, we do not exclude the possibility of a covalent adduct/ MIC formation with a differently oriented ritonavir molecule. According to our kinetic data, there are multiple binding modes for ritonavir and, therefore, in some cases it may need to reorient in the active site prior to heme ligation via the thiazole nitrogen. This drug reorientation takes place during the second phase of the reaction and may be slow enough (0.2 s −1 at ambient temperatures) to allow CYP3A4 to receive two electrons from CPR and produce a reactive metabolite.
In P450s, MICs have a characteristic absorbance peak at 450-460 nm and can be detected spectrophotometrically (10) . However, owing to a wide spread in extinction coefficient (0.07-80 mM −1 cm −1 (10, 34) ) and strong absorption of ferrous ritonavir-bound CYP3A4 in the 440-460 nm region (Fig. 2) , spectral MIC detection may be difficult. Presently, there is only one report on MIC formation during incubation of ritonavir with insect microsomes containing recombinantly expressed human CYP3A4 (11) . Unfortunately, no spectral evidence or information on whether MIC is reversible and could be dissociated upon CYP3A4 oxidation with ferricyanide was provided.
A decrease in the IC 50 values for ritonavir (the half maximal inhibitory concentration) after preincubation with microsomes and NADPH (7, 8, 18 ) is another argument frequently used to support the mechanism-based type of CYP3A4 inhibition. Although ritonavir could easily displace from the CYP3A4Δ3-24 active site all tested type I substrates (BEC, androstenedione, testosterone, and progesterone; Fig. S1 ), the situation in microsomes may be different owing to the influence of the lipid bilayer on trafficking of lipophilic substrates/metabolites to/from the membrane-bound P450. Due to extreme substrate promiscuity and high affinity for hydrophobic compounds, native CYP3A4 may rarely be in a ligand-free form and, thus, could remain substrate/ligand-bound upon isolation of microsomes. It is possible, therefore, that ritonavir can replace some but not all natural compounds bound to the microsomal P450, and that CPR/NADPHdependent oxidation of those tightly bound molecules and subsequent product dissociation may be required before ritonavir gains access to the active site. This chain of events would lead to an apparent decrease in IC 50 values, and the kinetics of ritonavir inhibition would be more consistent with a mixed competitive-noncompetitive mechanism, as has been observed already for some reactions catalyzed by microsomal CYP3A4 (5, 13, 14) .
In conclusion, our biochemical and structural results show that ritonavir is an irreversible type II inhibitor that inactivates CYP3A4 not only by displacing substrates from the active site and tightly binding to the heme iron via the thiazole nitrogen but also by decreasing the protein redox potential and precluding reduction by CPR. Although ritonavir cannot be oxidized by CYP3A4 in the orientation observed in the crystals, other binding modes allowing oxidative transformations and leading to the reactive metabolite formation cannot be ruled out.
Materials and Methods
Protein Expression and Purification. CYP3A4Δ3-24 was produced in Escherichia coli with the C-terminal four-histidine tag and purified using Ni 2þ -affinity and ion exchange chromatography as previously described (2) . P450 concentration was determined according to Omura and Sato (35) . The A 417∕280 ratios in CYP3A4 preparations used for functional and structural studies were >1.6.
Spectral Binding Titrations. Ligand binding to ferric and ferrous CYP3A4 was monitored spectrophotometrically under aerobic and anaerobic conditions, respectively. Ferrous CYP3A4 was produced by reduction with sodium dithionite. Substrate-free or BEC-bound CYP3A4 was titrated with small aliquots of ethanol solutions of ritonavir (Toronto Research Chemicals) in 50 mM phosphate, pH 7.5, 20% glycerol, and 1 mM dithiothreitol (buffer A). Equal amounts of ethanol were added to the reference cuvette containing similar enzyme concentrations, with the total volume of solvent added ≤2% ðv∕vÞ. Spectra were recorded after each addition, and the difference in absorbance between the wavelength maximum and minimum was plotted against the inhibitor concentration. Owing to tight binding, K s for ritonavir was calculated using quadratic nonlinear regression analysis as described elsewhere (20) .
Kinetics of Ritonavir Binding. Kinetics of ritonavir binding to oxidized and sodium dithionite-reduced CYP3A4 was monitored at 23°C in a SX.18MV stopped flow apparatus (Applied Photophysics) by following absorbance changes at 426 and 442 nm, respectively. Protein solutions (3 μM) were mixed with 0.5-30 μM ritonavir in 50 mM phosphate, pH 7.5. Interaction of BECbound CYP3A4 with ritonavir was monitored at 423 nm in the presence of 15 μM BEC. Anaerobic solutions contained an oxygen scavenging system consisting of 5 mM glucose, 2 Unit∕mL glucose oxidase and 1 Unit∕mL catalase. Kinetic data were analyzed using the IgorPro program (WaveMetrics, Inc). K d 's for the CYP3A4-ritonavir complex were determined from the plots of k obs vs. ritonavir concentrations.
Crystallization and Structure Determination. Ritonavir-bound CYP3A4 was crystallized by a microbatch method under oil. 0.6 μL of the ritonavir-bound protein (50-60 mg∕mL) in buffer A, 100 mM NaCl and 1 mM EDTA were mixed with 0.6 μL of the crystallization solution containing 100 mM sodium malonate, pH 6.0, and 12% polyethylene glycol 3350, then covered with 30 μL of paraffin oil. Crystals appeared and grew within several days at room temperature. X-ray diffraction data were collected at the Stanford Synchrotron Radiation Laboratory (SSRL) beamline 11-1 using 30% glycerol as a cryoprotectant. The structure was solved by molecular replacement with ligand-free CYP3A4 (PDB ID code 1TQN) as a search model. Solutions for two CYP3A4 molecules were found with PHASER (36). The initial model was rebuilt and refined with CNS (37) and O (38) . In both CYP3A4 molecules, the N-and C-terminal residues as well as the 265-267 and 281-288 fragments were disordered. Data collection and refinement statistics are given in Table S1 . The atomic coordinates have been deposited into the Protein Data Bank, www.pdb.org (PDB ID code 3NXU).
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